Controlling the chemical and physical structure at the atomic level is of paramount importance for decreasing the thermal conductivity by enhancing phonon scattering in thermoelectric materials.
Introduction
Thermoelectric (TE) materials have attracted signicant attention lately because of their potential as source materials for power generation. [1] [2] [3] [4] [5] The limitation for large-scale applications of thermoelectrics is their low conversion efficiency, which is mainly governed by the dimensionless gure of merit (ZT), ZT ¼ Ta 2 s/k, where T, a, s, and k are, respectively, the absolute temperature, Seebeck coefficient, electrical conductivity, and total thermal conductivity consisting of lattice (k L ) and electronic (k e ) parts mainly. In order to enhance the ZT value, it is essential to improve the power factor PF, PF ¼ a 2 s, and at the same time reduce the thermal conductivity k. Since all these three parameters a, s, and k e are dependent on the carrier concentration, it is therefore difficult to enhance the ZT value by simply manipulating one of these parameters.
The practical strategies for improving the ZT of existing materials are typied either by enhancing the power factor a 2 s via band structure engineering, [3] [4] [5] [6] or by reducing the lattice thermal conductivity (k L ) via various approaches, such as nanostructure engineering, 7, 8 development of liquid-like Cu 2Àx Se 9,10 and intrinsically strong lattice anharmonicity of TE materials. [11] [12] [13] [14] Apart from the aforementioned approaches, an alternate, for instance, can be the creation of point defects on an atomic scale, like interstitial, 15-17 substitutional 18, 19 or vacancy [20] [21] [22] [23] in bulk TE materials. This indeed improves the TE performance by lowering the lattice part (k L < 0.4 W K À1 m
À1
) of the thermal conductivity at high temperatures. [24] [25] [26] Owing to the inherent unique crystal structure and/or the presence of cation vacancies, Cu-In-Te ternary compounds with a chalcopyrite structure (s.g. I 42d) have recently attracted much attention in thermoelectrics. [27] [28] [29] [30] [31] Examples include CuInTe 2 -based compounds with ZT values of 1.52-1.72 at 823-850 K, 27, 28 achieved by introduction of In 2 O 3 (ref. 27 ) and ZnS, 28 as the grain or phase boundaries introduced by impurity act as a nanoscale heterostructure barrier blocking both holes and phonons.
From the structural point of view, the compound Cu 1.15 21, [33] [34] [35] On the other hand, the incorporation of impurities into vacancies would oen unpin the Fermi level or create impurity bands within the gap, which yields a local lattice distortion and alters the basic conducting mechanism as well.
In this work, we present a potential ternary TE compound Cu 1 , followed by holding at this temperature for 24 h and then rapid cooling in water. Aer that, the ingots are annealed at 900 K for 72 h, and then are cooled down to RT in a furnace.
Aer ball milling of the ingots at a rotation rate of 350 rpm for 5 h, the dried powders are quickly sintered using spark plasma sintering apparatus (SPS-1030) using a programmed sintering procedure. The highest sintering temperature is xed to be $900 K at which the sintered bulks are kept for 2 min. The sintering pressure is maintained at 60 MPa. Subsequently, the sintered bulks are cooled to RT in a furnace. The nal samples for electrical property measurements are 3 mm in thickness and 2.5 mm Â 12 mm in cross-section. These numbers are obtained from the sintered blocks with a size of f 10 mm Â 2.5 mm. Aer polishing the surfaces of two sides, the coin-shaped sintered blocks with the size of f 10 mm Â 1.5 mm are prepared for thermal diffusivity measurements. Although the thermal diffusivities (l) and electrical properties (a and s) are measured along different pressing directions, previous studies 23, 32, 36 reveal that there is only marginal error (usually less than 5%) introduced in TE performances in the case of isotropic samples as compared to measurements along the same direction. It should be mentioned that all sintered bulks have a density (d) above 93.0-94.0% of the theoretical density (6.087 Â 10 À3 kg cm
À3
) of CuInTe 2 .
Physical property measurements
Hall coefficients (R H ) are measured with a four-probe congu-ration in the system (PPMS, Model-9) with a magnetic eld of up to AE2 T. ).
Characterization
The chemical compositions of the samples (d ¼ 0, 0.05) are checked using an electron probe micro-analyzer (EPMA) (S-4800, Hitachi, Japan) with an accuracy > 97%. The microstructures of the samples (d ¼ 0, 0.05) have been examined using high-resolution transmission electron microscopy (HRTEM). HRTEM images are obtained at 220 kV using a JEM-2010F (Field emission TEM). The XRD patterns are collected using a powder X-ray diffractometer (D8 Advance) operating at 50 kV and 40 mA under Cu Ka radiation (l ¼ 0.15406 nm) and at a scan rate of 4 min À1 in the range from 10 to 110 . Besides, X'Pert Pro, PANalytical code is used to perform the Rietveld renement of the XRD patterns of the pristine Cu 1.15 In 2.29 Te 4 and Cu 2 Tealloyed samples. The lattice constants are then obtained from the renement of the X-ray patterns using Jade soware.
Methodology: theory
Density functional theory based rst-principles calculations are carried out using FHI-aims code, 38, 39 which is an all electron, full potential electronic structure code that uses a numeric, atomcentered basis set. The electronic exchange and correlation is treated with the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE). 40 All the numeric settings are so chosen that an energy convergence less than 10 À3 eV is achieved. Both the atomic positions and the lattice vectors are allowed to fully relax using Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm using a 4 Â 4 Â 2 k-grid. Further the electronic structure is analyzed and veried with the hybrid functional HSE06, 41 which takes into account part of the exact exchange with a denser k-grid 6 Â 6 Â 3. The phonon dispersions are calculated using the nite displacement method, as implemented in PHONOPY code.
Results and discussion

Compositions and structures
Scanning electron microscopy (S-4800, Hitachi, Japan) is employed to check the microstructures and homogeneity of the sample. Table S1 , † where the numbers of moles of Te are normalized to 4.0 (for d ¼ 0) and 4.05 (for d ¼ 0.05) (the actual moles of Te are slightly less than nominal ones). In this case, the normalized moles of Cu and In are a little higher than nominal ones. This suggests that there is a subtle deciency in Te, which is mainly ascribed to the evaporation of Te during the preparation of the materials.
Rietveld renements using the XRD data of Cu 2 Te-alloyed samples are next conducted, as shown in Fig. S2 . † The experimental parameters of powder X-ray diffraction and rened crystallographic data of (Cu Table S2 . † Based on the renement data, it is found that all peak positions are the same as those of CuInTe 2 (PDF: 65-0245; s.g.: I 42d(122)), indicating that the materials crystallize in a Cudecient CuInTe 2 phase without visible impurities being precipitated. Besides, the lattice constants (a) tend to increase as the Cu 2 Te content increases (Fig. 1a and Table S2 †). As such, it is determined that Cu 2 Te is incorporated into the lattice structure, which causes a dilation of the lattice structure and local lattice distortion.
In order to further conrm the synthesis of Cu 1.15 In 2.29 Te 4 -based alloys, the microstructures of the samples at d ¼ 0 and 0.05 have been examined by using high-resolution TEM (HRTEM). Fig. S5 †) . According to Boltzmann distribution at our experimental temperature range, the interstitially occupied Te is the main species for the extra Te, which might be the origin of the crystal structure expansion observed in Fig. 1b Fig. 3a and b, respectively. Fig. 3c and d show the magnied images of them near the Fermi level (E Fermi ), respectively. It is observed that near VBM states of stoichiometric Te and In are already present in the pristine material (Fig. 3c) , and aer doping the hybridized states get more enhanced and shied towards the Fermi level (Fig. 3d) . This clear enhancement in the near-Fermi level states explains the formation of an impurity band (IB) near the valence band maxima (VBMs), which is a result of the hybridization of interstitial Te with stoichiometric In and Te states. Besides, the band structure of the doped alloy reveals the formation of an IB near the valence band maximum (VBM), as shown in Fig. S6 † (red line) . The IB is critical for the transport of carriers, and it serves as the conducting pathway for holes in the p-type semiconductors, rstly from the VB to the IB, and subsequently to the CB (VB / IB / CB). 
Transport properties
Since the electronic structure gets modied due to the increased Cu and Te content, it is believed that the charge transport properties in the system would get modied accordingly. In order to verify this speculation, we have measured the Hall coefficients of (Cu Fig. 4 45, 46 However, the impurity band has another effect: acting as an electron and hole (e-h) recombination center. 47 Therefore, the reduction in n H and increase in m at d > 0.05 might be due to the e-h recombination.
TE performance
We see in Fig. 5 that the Seebeck coefficient (a) (for both pristine and doped systems) increases rst with increasing temperature up to $600 K. Aer reaching the maximum value, it starts decreasing again for all the systems. Note that, all the a values are positive. In addition, the highest a value tends to decrease from 318.0 to 296.0 mV K À1 as the Cu 2 Te content (d value) increases, as shown in Fig. 5a . Since the Seebeck coefficient is closely related to two parameters i.e., carrier concentration and effective mass, we will next analyze their roles separately.
To understand the change in the effective mass (m*), we plot the dependence of the Seebeck coefficients on the Hall carrier concentration in Fig. 5b , assuming that the Pisarenko relation 51 The enhancement in m* should result from the creation of the resonant state at E Fermi . Since the Seebeck coefficient is proportional to the m* according to the Pisarenko relation, it is therefore believed that the decrease of a value when the d value increases is mainly attributed to the fact that the effect of the carrier concentration neutralizes that of effective mass. Also, the Seebeck coefficients at d ¼ 0.075 are lower than those of other counterparts, which might be a joint result of n H (Fig. 4) and m* values (Fig. 5c) .
The electrical conductivities (s) against temperature is plotted in Fig. 5d , where the inset shows the power factor PF (PF ¼ a Therefore, the origin for the improved electrical conductivity (s) at a higher d value is a combined effort of the carrier concentration and mobility (m). Furthermore, the PF reaches the highest 4.45 mW cm À1 K À2 at 681 K, which is higher than that of 
Apart from that, the k L value tends to decrease as the d value increases. Furthermore, the resemblance between the lattice parts and those of total k (the inset in Fig. 5e ) suggests that the phonon transport plays a major role in heat transfer. Having the three physical parameters (a, s, and k) in hand, we have next obtained the TE gure of merits (ZT) as a function of temperature (Fig. 5f) 2 Te is an effective way to improve the TE performance. Besides, to check the thermal stability of the Cu-based system, we have specially measured the TE properties of a freshly prepared sample with d ¼ 0.05 through a temperature cycling test (increasing the temperature at rst and then lowering to near RT). The results are shown in Fig. S7 , † in which it is observed that the values of the three parameters (a, s, and k) do not have any visible change (<$5%) aer different cycling tests, and the ZT value remains almost the same. This proves that the material has a relatively good thermal stability.
Note that, the lattice thermal conductivity (0. 
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The ultralow k L values at high temperatures can be roughly conrmed by the estimation using the Callaway model, 59 assuming that the Umklapp and point defect scatterings are the main scattering mechanisms. The detailed calculation procedures are described in the ESI, † in which the copper vacancies (V Cu ) and interstitial Te (Te i ) are believed to be the main source of point defects. The estimated results are shown in Fig. 6a . It is observed that the estimated k L values at 330 K, 505 K, 693 K and 825 K are a little higher than those of the experimental counterparts. This is reasonable since the extra phonon scatterings induced by grain boundaries in the polycrystalline samples and by slight segregations of the three elements in different grains are not considered in our calculations. Therefore, it is determined that ultralow lattice parts are mainly attributed to the intensive phonon scattering in the lattice defects in the present solid solutions. In order to evaluate the effects of different point defects on the phonon scattering, it is necessary to decouple the action of interstitial Te (Te i ) from that of total point defects Fig. 6b ; it is observed that the V Cu percentage reduces from 14.0% to 10.3% as the d value increases from 0 to 0.075. In contrast, the Te i percentage enhances from 0 to 7.5%. If we dene that n V Cu or n Te i as the ratio of the copper vacancies or the interstitial Te concentration to the total defect concentration (sum of the V Cu and Te i ), it will be nd that the lattice parts (k L ) at 330 K, 625 K 810 K and 825 K tend to increase as the n V Cu value increases from 0.58 to 1.0 (Fig. 6c) , which suggests that copper vacancy scattering of phonons has weakened. This nding is not in agreement with the general concept, which maintains that the intrinsic cation vacancies by nature impact phonon scattering in a signicant way. 21, [60] [61] [62] [63] However, the lattice part (k L ) reduces as the n Te i increases from 0 to 0.42, as shown in Fig. 6d . These opposite tendencies suggest that the effects of the copper vacancy and interstitial Te concentration on the lattice parts (k L ) neutralize. Therefore, it is advisable to conclude that the general reduction in k L when the d value increases is mainly attributed to the increased point defects caused by the interstitial residing of element Te in the lattice structure.
The phonon dispersion
Next to further justify the aforementioned qualitative understanding of the lattice dynamics, we have calculated the phonon dispersions for Cu 20 In 40 Te 72 and Cu 22 In 40 Te 73 . Fig. 7a and b show the phonon dispersions for the pristine (Fig. 7a) and doped (Fig. 7b) rattling modes are introduced aer doping. This can much clearly be seen in the difference spectra (Fig. 7d) calculated from the phonon DOS of both the structures. The hybridization between the newly introduced rattling modes due to the interstitial dopants with the acoustic branches therefore promotes the scattering of phonons, resulting in lower k L values in the doped system. 
Conflicts of interest
There are no conicts of interest to declare.
